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Abstract 
In the earIy 1990s whitefish (Coregonus lavaretus L.) of Ammersee, a 
prealpine bavarian lake, showed extremely poor growth. The average 
weight of 3+ whitefish was lower than 150 g in 1994. But in 1994 the 
trend changed. Growth of whitefish doubled between 1994 and 1999. 
The average stomach contents also showed a significant increase in the 
course of recent years. Parallel to the weight increase a distinct decrease 
in population density could be seen, monitored with a SIMRAD EY 500 
echo sounder. In the first half of 1999, there were about 350 fish per 
hectar (F ha -~) in Ammersee. That was only about a fifth of the number 
at the end of 1995. In 1996/97 fish density in a nearby prealpine lake, 
oligotrophic Walchensee, was clearly lower with fewer than 350 F ha -~ 
than in Ammersee (mean value 1996: approx. 850 F ha -~, 1997: approx. 
770 F ha ~). Despite the lower trophic status, Walchensee whitefish 
showed clearly better growth: the average weight of 3+ whitefish was 
308 g. At the same time the weight of 3+ whitefish of prealpine 
Kochelsee was 260 g on average. There was an extended food resource 
for Kochelsee whitefish with the additional possibility of feeding on 
benthic prey. In comparison toAmmersee this could explain the signifi- 
cantly better growth of Kochelsee whitefish despite an even higher fish 
density (approx. 1300 F ha -L in 1996/97). Chiemsee, another prealpine 
lake, is very similar to Ammersee in relation to fundamental limnologi- 
cal parameters and was studied in 1993 and 1994. In 1994 fish density 
of Chiemsee was at a maximum of approx, a fifth of that of Ammersee, 
and whitefish growth was significantly better. 3+ whitefish weighed 
above 300 g, about double the weight of Ammersee whitefish at that 
time. A comparison of mean stomach contents of whitefish in both lakes 
points to intraspecific food competition i Ammersee. Those results in- 
dicate a causal connection between whitefish density and growth. 
Introduction 
Whitefish are the dominant pelagic fish species in most Bavar- 
ian prealpine lakes. They are of high economic importance for 
professional fishermen. The yield of coregonids is often char- 
acterized by heavy fluctuations (e.g. ECKMANN et al. 1988; 
HELMINEN et al. 1993). Reasons for the fluctuations include 
changes in trophic status and weather-induced lake-internal 
factors (e.g. LEHTONEN et al. 1995; MAYR 1998; M~LLER & 
MBWENEMBO BIA 1998). Furthermore the growth of corego- 
nids depends on the population density (e.g. HEALY 1980; 
KSEIN 1992; MARJOMA.KI & KIRIASNIEMI 1995; MILLS et al. 
1995). In the study presented here, fish density and whitefish 
growth was investigated in four prealpine, upper Bavarian 
lakes (Ammersee, Chiemsee, Kochelsee and Walchensee). 
The aim of the study was to examine whether there is a con- 
nection between whitefish growth and density. The compari- 
son between lakes should help to find lake internal characteris- 
tics, which could overwhelm effects of pure fish density. The 
most intensive studies were carried out in Ammersee, where 
drastic changes in fish density could be observed over recent 
years (MAYR 1998). That provided an excellent opportunity to 
study the influence of fish density on whitefish growth. 
Material and Methods 
Study sites and research time periods 
Morphometric, hydrological nd limnological data of the study lakes 
are summarized in Table I. All lakes have undergone a reoligotroph- 
ication process ince the 70 s (former maximum values of total phos- 
phorus: Ammersee =55 lag 1 1, Chiemsee = 25 lag 1-1, Kochelsee = 76 
lag 1 -J, Walchensee = 21 ~g 1 -~) due to water protection measures. 
Chiemsee was studied from May 1993 until December 1994, 
Kochelsee from April 1996 to April 1997 and Walchensee from July 
1996 to October 1997. The study of Ammersee was carried out from 
August 1995 until October 1997 and continuously since August 
1998. In general, one complete sampling program was conducted 
every other week. In winter, for Kochelsee and Walchensee, as well 
as Ammersee during 1997, the frequency was reduced to once a 
month. In the summer of 1996, the frequency was increased to once a 
week for Ammersee. 
0075-9511/01/31/01-053 $ 15.00/0 53 
Table 1. Morphometric, hydrological and limnological parameters of the study lakes according to SCHAUMBURG (1996), State Office for Re- 
gional Water Management Weilheim, LENHART, pets. comm. and own measurements. (Asterisks indicate annual 
means.) 
Ammersee Chiemsee Kochelsee Walchensee 
Mean lake level [m a. s. 1.] 532.9 
Surface [km 2] 46.6 
Volume [109 m 3] 1.75 
Maximum depth [m] 81.1 
Mean depth [m] 37.55 
Drainage area [km 2] 993.02 
Theor. renewal time [a] 2.7 
Total-phosphorus* [gg 1 -~] 9.7 
Chlorophyll a* [~tg 1 -~] 4.9 
Secchi depth* [m] 4.8 
Max. surface temperature [°C] 24.5 
518.2 598.8 800.8 
79.9 5.95 16.267 
2.048 0.1847 1.324 
73.4 65.9 189.5 
25.6 31.04 80.8 
1398.6 1467.8 779.3 
1.26 0.13 1.9 
10.0 10.0 4.0 
5.2 4.5 2.1 
3.4 4.1 8.9 
24.9 15.9 18.9 
Determination of fish density 
Fish densities were determined in Ammersee, Kochelsee and 
Walchensee with a SIMRAD EY 500 split-beam echo sounder with 
70 kHz working frequency and a ES70-11 transducer (beamwidth 
11°). The system was calibrated with a standard copper sphere of 
known target strength. Ping rate was set to 2.5 s ~. A lower target 
strength (TS) threshold o f -55  dB was applied. The vessel speed 
during the data collection was approx. 9 km h -~, and its position was 
determined by GPS (Magellan 3000). The raw data of the echo 
sounder were processed with the software SIMRAD EP 500-50. 
Usually a vertical range from 3 m depth to the bottom (after edefin- 
ing) was considered for the calculation. Hydroacoustic data were 
collected uring day and night by navigating along several transects 
that represented each lake in its spatial extension. Ammersee was 
covered by 5 (to 1997) and then 6 (since 1998) transects, while 
Kochelsee and Walchensee were covered by 4 transects each. To de- 
termine fish density, all transects were included in the calculation, 
weighted by their length, since horizontal fish distribution may dif- 
fer. Only nocturnal measurements were used since during the night 
whitefish were distributed more broadly and did not shoal. Accord- 
ingly the number of single fish echos was higher. At night whitefish 
also stayed in deeper water during seasons when they were close to 
the surface by day and so within the dead angle of the echo sounder. 
Gill net catches with different mesh sizes confirmed that about 99% 
of all pelagic fish in Ammersee were whitefish. There was a some- 
what higher proportion of other fish species in the other lakes, al- 
though whitefish were still the dominant species in the pelagic zone 
(Fischereigenossenschaften, p rs. comm.). Other species were 
mainly Perca fluviatilis, Salvelinus alpinus (especially in 
Walchensee), Salmo trutta lacustris and Chalcalburnus chalcoides 
mento (only in Chiemsee) but these are not considered separately in 
this paper. Since the SIMRAD EY 500 was not available for the re- 
search in Chiemsee, a reduced measurement program with the echo 
sounder Lowrance X-16 with a 20°-transducer was conducted. 
Acoustic signals were printed on a continuous paper oll. The print- 
ed fish signals were then manually digitized with an ARISTO Geo- 
Board/Mouse (ARISTO Graphic Systeme GmbH & Co. KG). The 
angle correction was calculated and the number of single fish signals 
per transect was then determined. Through comparison with data 
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that had been collected on Ammersee with both types of echo 
sounder at the same time, an estimated fish density could be 
established. 
Fishery research 
Whitefish were collected with pelagic gill nets near the deepest point 
of the lakes. Nets were set over night and checked in the morning. 
For Chiemsee, Kochelsee and Walchensee only whitefish from gill 
net catches from professionell fishermen could be used. During the 
research period, the mesh sizes mainly used (knot to knot) were 42 
mm for Chiemsee, 38 mm for Kochelsee and 40 mm for Walchensee. 
Occasionally, whitefish could be obtained from net catches with 
smaller or bigger mesh sizes in Chiemsee and Kochelsee. In Am- 
mersee nets with mesh sizes ranging from 10 to 45 mm could be used 
in addition to the nets used by commercial fishermen (mesh sizes 32 
to 38 mm). The mean stomach contents of adult whitefish from each 
catch were determined according to MAYR (1998). The selectivity 
index (D) according to JACOBS (1974) was calculated with the ac- 
companying zooplankton data [own data for Chiemsee, see MAYR 
(1997), MORSCHE~D pers. comm. and MORSCHEID ( 1999)], defined as 
D = (r - p)/(r + p - 2rp), 
where D is the selectivity index, r is the relative share of a certain 
food item in the stomach and p is the relative share of this food item 
in the water. The total length, weight, and age (EINSELE 1943) were 
recorded for all caught whitefish. 
Results 
Comparison of the lakes 
For the analysis of whitefish growth in the different lakes, the 
predominant caught age group 3+ was considered (Fig. 1). De- 
spite the lake's low trophic status, Walchensee whitefish 
showed the best growth (3+ whitefish averaged approx. 
308 g), followed closely by Chiemsee whitefish (304 g). In 
both lakes whitefish growth was significantly better than in 
Kochelsee and Ammersee (p < 0.001 each, comparison in 
pairs, Mann-Whitney-U-Test). Fish density in Chiemsee as 
well as in Walchensee was clearly below 350 F ha -~, which is 
significantly lower than in Ammersee and Kochelsee (p < 
0.001 each, comparison i  pairs, Mann-Whitney-U-Test). The 
mean fish density in Ammersee was approx. 850 F ha -1 in 1996 
and 770 F ha ~l in 1997. Ammersee whitefish had by far the 
lowest growth during the research period (Fig. 1), and the av- 
erage weight of 3+ fish was 182 g. Growth of Kochelsee 
whitefish took an intermediate position and the weight of 3+ 
whitefish, at 262 g, was significantly higher than in Ammersee 
(p < 0.001, Mann-Whitney-U-Test). Fish density in Kochelsee 
was approx. 1300 F ha 4. The stomachs of Kochelsee whitefish 
were predominantly filled well with benthic prey (Fig. 2). 
Most of this prey consisted of chironomids and oligochaets; al- 
though snails and mussels were also fed on. Whitefish in Am- 
mersee, Chiemsee, and Walchensee, however, feed almost ex- 
clusively on zooplankton (Figs. 3 and 4). As an example of the 
feeding situation of whitefish in lakes with a low fish density, 
the mean stomach contents of whitefish in Chiemsee are pre- 
sented in Fig. 3. Stomachs were relatively consistently well- 
filled with plankton throughout the whole growing season. A 
conspicuous selection of daphnids, Bythotrephes longimanus 
and Leptodora kindti, occured with, on all examination dates, 
average selectivity indices of +0.54 (Daphnia spp.), +0.85 
(Bythotrephes longimanus), respectively + 0.26 (Leptodora 
kindti). Bosmina spp. as well as the copepods were seldom in- 
gested, as demonstrated bynegative selectivity indices. 
Case study: Ammersee 
Whitefish in Ammersee also selected cladocerans. Averaged 
over all samples electivity indices were +0.49 for Daphnia 
spp., +0.94 for Bythotrephes longimanus, + 0.78 for Leptodo- 
ra kindti, -0.42 for Bosmina spp. and -0.31 for cyclopoid and 
-0.87 for calanoid copepods. But, in comparison to Chiem- 
see, the mean stomach contents of Ammersee whitefish were 
clearly lower (Fig. 4). During the growing season the stom- 
achs were practically empty on several dates. The relation- 
ship between the number of ingested plankton organisms and 
the amount of plankton in the open water illustrates the 
strong feeding pressure on the plankton species selected 
(Fig. 5). In opposition to the non-selected species this rela- 
tionship was sometimes extremely high for the predacious 
cladocerans. Additional examination dates could not be pre- 
sented in Fig. 5, where predacious cladocerans were not de- 
tected in open waters but again were found quite often in 
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Fig. 1. Fish-density (above) and whitefish growth (weight of age- 
group 3+, weighted mean of research period, below) in Chiemsee 
(Cs), Ammersee (As), Kochelsee (Ks) and Walcbensee (Ws); data 
from 1996/1997, except Chiemsee (1993/1994); Ammersee growth 
data contain additional data from KLEIN (unpublished). 
Fig. 2, Mean stomach contents of 
Kochelseewhitefish ~om1996-1997. 
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whitefish stomachs. Daphnids are a significant part of the ab- 
solute number of ingested individuals. The situation in the 
first 6 months of 1996 may serve as an example. The relative- 
ly high relation in spring (April/May) shows strong feeding 
pressure on daphnids, which at this time of the year can only 
be found in small numbers in the open water. In April/May 
whitefish concentrate in the uppermost water layers. Despite 
their very high instantaneous birth rate at this time 
(MoRsc~E~D 1999) growth of the Daphnia population is sup- 
Fig. 3. Mean stomach contents 
of Chiemsee whitefish from 
1993-1994, * = no data. 
pressed by the feeding pressure so that their numbers first in- 
crease in June (Fig. 6). 
A clear rise can be seen in the mean stomach contents 
since 1994 up to 1997 (Fig. 4). This corresponds to an in- 
crease of whitefish weight in Ammersee (Fig. 7). The aver- 
age annual weight of 3+ fish was 132 g in 1994 while in 
1997 it rose to 189 g (related to base data shown in Fig. 7). 
This increase in growth continued to the present. In the 
second half of 1998 (no data from January to July), 3+ 
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Fig. 4. Mean stomach contents of Ammersee whitefish from 1994-1997. Data from 1994: LfW, Wielenbach, (MORSCHEID & KUCKLENTZ 
1996). 
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Fig. 7. Whitefish growth (weight of age-gr0up 3+) in Ammersee from 1994 to 
1999; data from 1994: LfW, Wielenbach. 
whitefish averaged 225 g; in 1999 the aver- 
age weight until August (most recent data) 
was 252 g. Growth of whitefish therefore al- 
most doubled since 1994. Parallel to this de- 
velopment, fish density in Ammersee de- 
creased (Fig. 8). The value of November 
1995 was determined by APPENZELLER 
(1997a) with the echo sounder SIMRAD EK 
500. Because of almost identical methods 
this value can be compared with the data col- 
lected by us with the SIMRAD EY 500 (see 
MAYR 1998). The significant decrease in fish 
density in the winter of 1995/1996 could 
also be seen in the additional hydroacoustic 
data collected with the Lowrance X-16 echo 
sounder. The "Landesanstalt fiJr Fischerei", 
Starnberg, also investigated fishstocks fairly 
continuously during the 1990s using a less 
advanced echo sounder. Although this did 
not allow exact quantification, the fish sig- 
nals recorded clearly showed a significantly 
higher fish density in Ammersee before 1995 
(unpubl. data from KLEIN, see "?" in Fig. 8). 
The significant correlation between popu- 
lation density and growth of Ammersee white- 
fish from 1994 to 1999 is presented in Fig. 9. 
Data indicate a clearly better whitefish growth 
when fish density is low. 
The influence of fish density on the growth 
of whitefish in Ammersee can also be derived 
from earlier data. In the 1970s and the early 
1980s, 3+ whitefish averaged weights be- 
tween 400 and 600 g. The poor results of pro- 
fessional fishermen at the same time clearly 
point to an extremly low number of whitefish 
in Ammersee (Fig. 10). At the beginning of the 
1990s the situation was different. In that peri- 
od fish density was extremely high and white- 
fish growth was so low that fish hardly 
reached sizes large enough for the gill nets of 
professional fishermen (KLEI~,T pers. comm., 
Fischereigenossenschaft Ammersee). 
Discussion 
According to PERSSON (1987) growth of fish in 
general depends on fish density. Many studies 
confirmed the density-dependent growth of core- 
gonids (e.g. HAMRIN & PERSSON 1986; HELMINEN 
et al. 1993; MARJOMA, KI 1990; MARJOMAKI & KIR- 
JASNIEMI 1995; TODD & DAVIS 1995; MILLS et al. 
1995). Quite often a specific reduction in fish 
density through intensified fishing activities af- 
fected individual growth. HEALY (1980) showed, 
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with Canadian stocks of Coregonus cIupeaformis, that with a de- 
crease in fish density of 10 to 30%, growth increased significant- 
ly. Whitefish in prealpine W6rthsee (upper Bavaria, Germany) 
also reacted with a significant growth increase to intensified fish- 
ing (K~ErN 1990). Stock density correlated negatively with the 
mean length of a specific age group (2+ to 7+) in successive years. 
The mean weight-at-catch increased the most due to the decrease 
in stock density. The increase in fishery productivity could be 
seen in an increase in weight-based CPUE (catch per unit effort) 
of 60%, while the number of fish caught decreased by 26%. 
MmLS & Cr4ALANCHUK (1988) described the effects of fish 
density reductions in three Canadian lakes. In the lake with 
the highest initial fish density, 26% of adult coregonids were 
removed. Fish density then was still about 3 to 4 times higher 
than in the other lakes at the beginning of the experiment 
from which 40% and 63% of adult coregonids were removed. 
After removal, growth of the remaining coregonids increased 
significantly and occurred in all age and length groups. In the 
first lake, where the remaining fish density was still very 
high, removal had no significant impact on individual 
growth. Investigations on different coregonid populations in 
Lake Michigan also pointed to the fact that differences in 
density need to be above a certain threshhold to cause 
changes in the growth of coregonids (PRouT et al. 1993). As a 
reason for the density-dependent growth, intraspecific food 
competition is generally given (e.g. PETERMANN 1984; 
VALKEAJARVI 1992; MARJOMAKI & KIRJASNIEMI 1995). 
A significant difference in fish density in the lakes studied 
here could be observed uring the research period. Fish densi- 
ty in Kochelsee was ranked very high. The fish density in Am- 
mersee was also very high until 1995 and high until 1997. 
Walchensee as well as Chiemsee had low fish densities. Ac- 
cording to APPENZELLER (1997a, b), the density of fish in 
Chiemsee was around 200 F ha -1 in November of 1995, and 
consequently slightly lower than in Walchensee. A comparison 
of Ammersee and Kochelsee with Walchensee and Chiemsee 
confirmed the density-dependent growth of whitefish. Chiem- 
see is very similar to Ammersee concerning fundamental lim- 
nological parameters (trophic status, temperature, oxygen con- 
tent, Secchi depth etc.). The significant difference in whitefish 
growth obviously can be attributed to the difference in fish 
density. The better growth of whitefish in Chiemsee in com- 
parison to Ammersee was accompanied by altogether clearly 
higher mean stomach contents. The comparatively good 
growth of whitefish in oligotrophic Walchensee can also be ex- 
plained by lower intraspecific food competition due to low fish 
density. It is remarkable that despite its higher trophic status 
and even lower fish density, whitefish growth in Chiemsee is 
not better than in Walchensee. Additional factors that influence 
growth have to be taken into account here. Walchensee offers 
whitefish better living conditions due to the good optical con- 
ditions (high Secchi depth and accordingly a large euphotic 
zone) and lower surface temperatures. The example of 
Kochelsee also shows the importance of further ,,yithin-lake 
influences on whitefish growth. Kochelsee has extended areas 
of shallow water, which provide very good opportunities for 
benthivore f eding. The additional feeding on benthic prey ob- 
viously allows better whitefish growth than would be expected 
from the high fish density. TURUNEN & VILJANEN (1988) de- 
scribed the advantage in growth for whitefish (C. Iavaretus) 
that could feed on zooplankton as well as on benthic prey. 
It could be proven that in Ammersee the preferred food can 
decrease markedly in the depth layers where whitefish stayed 
(MAYR 1998). If the available feeding volume decreases for 
each individual fish, e.g. due to a high number of whitefish in 
a specific water layer, then clear signs of intraspecific food 
competition can be seen there. In some cases the necessarily 
lowest density of certain preferred zooplankton species was 
obviously ah'eady too low for a positive energy balance at 
those depths. The higher the fish density, the more those feed- 
ing competitions occur. As a consequence, mean stomach 
contents were sometimes very low. In Ammersee, zooplank- 
ton ingestion as well as the feeding area could be further e- 
stricted, e. g. due to occasional high water turbidity with bad 
optical conditions or high surface water temperatures ( ee 
MAYR 1998; MAYR, in press). Spatial imitations in connec- 
tion with the reduction of the preferred zooplankton species 
during periods of high fish density have to be judged as un- 
favourable for whitefish growth. Another sign of intraspecific 
food competition could be found during spring. The low 
abundance of daphnids in April/May despite their very high 
instantaneous birth rate indicates high predation pressure, 
since the production of daphnids was absorbed mainly by 
whitefish (see also MORSCHEID 1999). Even on good feeding 
days without obvious limitations due to further within-lake 
factors, the stomach contents of whitefish showed that, com- 
pared to the number of zooplankton found in open water, a 
considerable number of preferred species were consumed by 
whitefish. This could be shown most clearly for the highly se- 
lected predacious cladocerans B. longimanus and L. kindti. 
The extremely high amount found in the whitefish stomachs 
pointed to the efficiency of feeding. HAKKAR~ (1978) con- 
firmed that the production of these specially preferred plank- 
ton species is almost completely ingested by planktivorous 
fish when the fish density is high enough. 
Effects of fish density in Ainmersee were shown clearly 
over the long term as well. In the middle of the 1970s to the 
beginning of the 1980s the whitefish yield was very low, 
signs of an extremly low fish density. The excellent growth of 
whitefish at that time indicates acombination effect of troph- 
ic status (total phosphorus in the 1970s was almost 6 times 
higher than today) and low fish density. According to I~EIN 
(pers. comm.) the reason for the low fishing yield at the be- 
ginning of the 1990s was the poor growth of whitefish, 
caused by the extremly high fish density. The almost dou- 
bling in mean whitefish weight parallel to the drastic reduc- 
tion in fish density between 1994 and 1999 supports the 
causality between population density and growth of white- 
fish. The decrease in intraspecific food competition could be 
shown in an increase in the mean stomach contents. 
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